1 Lancaster Environment Centre, Lancaster University, Lancaster LA1 4YQ, UK, 2 National Center for Atmospheric Research, Boulder, Colorado 80302, USA, 3 Centre for Ecology and Hydrology, Penicuik EH26 0QB, UK. flux footprint contains more than 20 different fully grown tree species and more than 40 different sapling species per hectare, plus an unknown number of smaller plant species. Measurements were made in April-July 2008. The measurement methods and data analysis techniques used are described elsewhere 8 and in the Supplementary Information.
The rate at which plants emit isoprene under a set of standard conditions (air temperature: 30
• C; photosynthetically active radiation flux, PAR: 1,000 µmol m −2 s −1 ) is termed the base emission rate (BER) and is a fundamental parameter in the algorithms used to model regional-and global-scale isoprene emissions 2, 12, 13 . Until now it has been assumed that BER is constant throughout the day and that actual emission rates depend on this value being modified by recent-past and instantaneous leaf temperatures, received PAR and some long-term environmental effects, including water availability. However, analysis of our canopy-scale flux data reveals that BER does not remain constant throughout the day (see Supplementary Information for details of this analysis). Figure 1a shows how isoprene BER varies during the day and deviates significantly from the flat line of non-circadian-controlled BER at both sites. Circadian control of BER is more evident at the oil palm plantation than at the rainforest. We attribute this to the diversity of plant species within the rainforest isoprene flux footprint, each emitting species having a different amplitude, and possibly phase, of circadian control. Therefore, there is a smoothing in the overall canopy-scale response to time of day in the rainforest, compared with the monoculture oil palm plantation, where isoprene emissions from that particular tree species are under strong circadian control 7 . We used the Model of Emissions of Gases and Aerosols from Nature (MEGAN; ref. 2) to estimate global isoprene emissions for a five-day period in July. A reference case was first run using the standard constant BERs of the MEGAN model and driven by hourly air temperature and PAR data from the UK Meteorological Office's Unified Model of global climate for present climate conditions. Two further simulations were then carried out, using the same meteorology, but modifying isoprene emissions to reflect the circadian control observed over the rainforest and over the oil palm plantation in Malaysia (see Supplementary Information for details of these modifications). Figure 1b shows the percentage differences in isoprene emission rates between the reference and circadian-controlled runs. The use of a constant BER causes significant over-estimation relative to the observed flux during both the morning and afternoon, strongly so in the case of oil palm (blue line) and less so in the case of the rainforest (green line). On a global basis, daily emissions of isoprene (averaged over the five days of the simulations) are decreased by 21% if all tree species exhibit the same degree of circadian control as the oil palm and by 5% if all trees exhibit the more muted degree of circadian control of the rainforest. We now model the effects of the circadian control of isoprene emissions on atmospheric chemistry and ground-level ozone concentrations on scales from the local to the global, using chemical schemes that reflect present practice. Isoprene photochemistry is still uncertain 14, 15 but the impact of these uncertainties on modelled ground-level ozone is small (∼25%; refs 16, 17) . We ran the CiTTyCAT box model of atmospheric chemistry 16 to investigate the impacts of these decreases in isoprene emission rates, resulting from circadian control, on the formation of ground-level ozone. The model was run with both constant and time-dependent BERs for two different land-use scenarios-remote rainforest and oil palm plantation-and using NO x emission rates ranging from those appropriate for remote rainforest to those appropriate for rural areas in Europe or North America 9 . The range of NO x emissions also tests the model in scenarios where ozone production is NO x -and volatile organic compound (VOC)-limited. Figure 1c shows, for strongly NO x -limited conditions, use of the variable (circadian-controlled) BER resulted in increases in middle-of-the-day (10:00-16:00 local time, lt) ground-level ozone concentrations of up to 10% for the rainforest and 25% for the oil palm emissions scenarios, respectively. In contrast, when NO x mixing ratios exceed 0.3 ppbv for the rainforest scenario and 1.3 ppbv for the oil palm scenario, decreases in the middle-ofthe-day mean ozone concentration of up to 20% are estimated. Hence, the decreased biogenic isoprene emissions-due to the use of circadian-controlled variable BERs-lead to simulations with increased ground-level ozone concentrations in remote regions LETTERS of the world and decreased ground-level ozone concentrations in more polluted regions.
The most significant changes in simulated ground-level ozone occur where the circadian-controlled decrease in isoprene emissions moves the chemistry away from the [VOC]/[NO x ] ratio optimal for photochemical ozone production. In the classic 'Sillman plot' 18 , the region of greatest impact of decreased isoprene emissions is just on the NO x -saturated, or VOC-limited, side of the ozone ridge ([VOC]/[NO x ] ≤ ∼6), for those situations where biogenic isoprene makes up a large part of the VOC: that is, during sunny periods in polluted rural environments such as the southeastern USA 19 . We then use the regional-scale air-quality model WRF-Chem (ref. 20) to confirm our interpretation of the box-model runs for the southeastern USA. Some polluted areas of the region show hourly average decreases in ozone of more than 10 ppbv when the same degree of circadian control of isoprene emissions as seen in the oil palm plantation data is included in WRF-Chem. In other, less-polluted, areas of the southeastern USA, the model predicts increases of more than 3 ppbv in ground-level ozone concentrations (see Fig. 1d and Supplementary Information).
We now extend our study on the impacts of using a variable rather than constant BER for isoprene emissions from the box and landscape (regional) scales to the global scale using the FRSGC/UCI chemistry-transport model 21 . In the scenario based on the observed circadian behaviour of oil palm there is a decrease in daily mean continental (background) ground-level ozone concentrations between 20
• S and 45
• N in July of about 0.8 ppbv (3%). In the scenario based on the more moderate circadian control of the rainforest, the decrease in (background) continental ozone averages 0.3 ppbv (1%). These global responses are smaller than those found in the box-model and regional-scale modelling studies, and ozone concentrations only decrease, because, at the resolution of the global model, regions of high and low NO x emissions are averaged, such that decreasing isoprene emissions always produces a decrease in ozone. Figure 1e shows the distribution of these ground-level ozone concentration changes using the same degree of circadian control as observed for the oil palm plantation compared with a control run in which isoprene emissions are assumed not to be under any degree of circadian control. The largest decreases in ground-level ozone concentrations in the global model are seen over the southeastern USA, where they average 2 ppbv (or ∼4%). The model also shows that other regions where circadian control of isoprene emissions matters for ground-level ozone are the Mediterranean, southeastern Asia and Japan.
Both regional-and global-scale chemical transport models typically over-estimate summertime ground-level ozone over the southeastern USA 19, 22 . We compared our WRF-Chem simulations of hourly average ground-level ozone with and without circadian control of isoprene emissions with observed hourly average groundlevel ozone concentrations at 290 US Environmental Protection Agency (EPA) monitoring sites in the southeastern USA 23 (Fig. 2) . Accounting for circadian control brings the simulations into better agreement with the observations for local times between 07:00 and 12:00 (three-quarters of sites show an improvement in modelobservation fit, with a median improvement of 9% across all sites). The spread of values in Fig. 2 indicates that other processes are also important in the model-observation discrepancy for ground-level ozone in the southeastern USA.
Our findings show that the emissions of isoprene from tropical tree canopies are under circadian control, both in a monoculture oil palm plantation and in a natural rainforest. This confirms that the circadian control on isoprene emission observed in the laboratory 7 is also observable on the landscape scale. This has significant implications for the modelling of isoprene emissions on both landscape (regional) and global scales. The application of typical emissions routines without accounting for circadian control causes models to over-estimate total daily isoprene emission rates and to give an inaccurate daily cycle of emissions. Accounting for the observed circadian control on isoprene emission rates can increase or decrease predicted groundlevel ozone concentrations, depending on the prevailing landscapescale [VOC]/[NO x ] ratios. Our three models all show decreases in ground-level ozone concentrations in warm, sunny summertime conditions in polluted rural environments, such as the southeastern USA, where isoprene makes a significant contribution to groundlevel ozone 19, 22, [24] [25] [26] , bringing modelled ozone concentrations into closer agreement with observations.
